ABSTRACT. Several examples are provided here to quantify how the soil is infl uenced by the soil surface properties, i.e.: content and composition of organic matter, content of calcium carbonate, texture, moisture, as well as surface roughness. 28 soil samples were collected from the test area on a ground moraine, located north of Poznań. The soil samples were measured spectrally with an ASD FieldSpec 3 spectrophotometer in controlled laboratory conditions, in order to obtain a plot of the soil refl ectance as a function of wavelength, from 400 nm to 2500 nm. The soil samples were also analyzed in the laboratory to establish their selected properties. The research shows that all tested soil properties strongly infl uence the soil refl ectance.
Introduction
Nearly the entire short-wave solar radiation in the optical domain (from 300 nm to 2500 nm) incident on soil surface is either absorbed or refl ected, and only a little of it is transmitted. The solid phase of the soil, mainly composed of different size opaque particles covered by organic matter and minerals (mostly clay, iron oxides and calcium carbonate), such as liquid and gas phases, decide the soil refl ectance. These physicochemical properties, as well as the direction of the incident radiation and the direction along which the refl ected radiation is viewed by a sensor, are considered to be the main infl uences on the refl ectance of a soil sample with disturbed surface under laboratory conditions. Under fi eld conditions the list of these properties must be completed with soil surface roughness that is usually higher and much more variable. Hence, the refl ectance of a soil studied under these conditions may not be directly compared with the refl ectance of the same soil analyzed under laboratory conditions.
The refl ectance of soils, measured under laboratory conditions on samples with their disturbed surfaces, increases with a decrease of the soil particle size (Orlov, 1969; Bowers & Smith, 1972) . Bowers & Hanks (1965) , testing the refl ectance of soil materials of the texture from coarse clay to sand, found that the character of this relationship is exponential. Piech & Walker (1974) confi rmed the higher soil refl ectance in the range of 500-900 nm with decreasing soil particle size ranging from 2 mm to less than 0.062 mm. Studies of disturbed soils samples under laboratory conditions prove that the decrease of soil aggregate size results in an increase of the soil spectral refl ectance. The smaller aggregates have a more spherical shape, but the larger ones have an irregular shape with a higher number of interaggregate spaces and cracks where the incident light is trapped (Mikhailova & Orlov, 1986; Coulson & Reynolds, 1971) . The density of aggregate packing and surface roughness are the main physical features infl uencing the soil refl ectance (Orlov, 1969; Orlov et al., 1976) . The total refl ectance from smaller aggregates varies widely, while the aggregates with a diameter in the 2-10 mm range have a fairly constant refl ectance (Orlov, 1969; Curran et al., 1990) . Irregularities of the soil surface, caused only by the soil texture for laboratory soil samples with disturbed natural surfaces, and mainly by aggregates and micro-relief confi guration for surfaces in natural fi eld conditions, cause areas of shadow, where the solar beams do not reach the surface directly. The energy of waves leaving the area is many orders-of-magnitude smaller than the energy refl ected from sunlit soil fragments. Opaque soil particles and aggregates with dominant diffuse features, usually seem to be the brightest from the direction which gives the lowest proportion of shaded fragments These soil surfaces in both laboratory and fi eld conditions usually display a clear backscattering character, with a refl ectance peak towards the light source or the Sun position ('hot spot' direction), and decreasing refl ectance in the direction away from the peak (Cierniewski, 1987) .
The higher the organic matter content (OM), the lower the refl ectance of soils. A small increase of the OM content in soil samples with the OM amount lower than 1%, results in a signifi cant decrease of their refl ectance. For the OM content lower than 1.5-2%, this relation is less close, because it is weakened by the infl uence of mineralogical composition variety of soil particles not covered by OM. Mikhaylova & Orlov (1986) , investigating the relation between the OM content and the soil refl ectance in the visible and the near infrared, reported that it is closest in the wavelength range of 600-700 nm. Dalal & Henry (1986) , studying this relation in a wider spectrum, found that the OM content is highest correlated with the soil refl ectance at the wavelength of 1,744 nm, 1,870 nm and 2,052 nm. Not only the OM content, but also the proportion of main organic carbon fractions, the humic and fulvic acids, decides the refl ectance of soil (Białousz, 1979; Mikhaylova & Orlov 1986 ). The dry concentrate of the humic acids and fulvic ones refl ects the visible radiation on a level of about 2% and 7%, respectively (Obukhov & Orlov 1964) .
The higher the calcium carbonate content of soil samples with their natural surfaces disturbed under laboratory conditions, the higher their refl ectance is. Lagacherie et al. (2008) found that this substance most strongly absorbs the electromagnetic waves of the 2,208 nm and 2,341 nm wavelength. The CaCO 3 affects the soil refl ectance under fi eld conditions weaker than the OM. Białousz (1978) mentioned that the relation becomes directly proportional only if the CaCO 3 content is higher than 20%. For a lower content, the relation is inversely proportional and has an indirect character. The substance, since it is conductive to forming of soil aggregates, causes a higher roughness and therefore decreases the soil refl ectance.
The mineral and organic fractions of soil materials, mentioned above, absorb shorter wavelengths more than the longer ones. Hence a soil refl ectance spectrum has a shape of a clearly raising curve with increase in the wavelength. In the middle infrared, i.e., from 1,300 nm to 2,500 nm, the soil refl ectance stabilizes itself or decreases a little with the wavelength. In the range of around 1,450 nm and 1,950 nm, where the radiation is strongly absorbed by water molecules, the two deep minima are usually observed in soil spectra, especially collected in the fi eld (Stoner & Baumgardner, 1981) .
Soil surface moisture is a factor which changes the spectral levels most dynamically. Generally, an increase in soil moisture causes a decrease in level of the spectra. This decrease is clearer for light color soils, with a low content of organic matter, than for dark ones (Mikhaylova & Orlov, 1986) . Along with the increase of soil moisture from oven-dry soil to the hygroscopic capacity, the spectra levels do not change (Tolchelnikov, 1974; Cierniewski, 1985) or it drops a little (Vinogradov, 1983) . With a further increase in water content to the fi eld capacity, the spectra levels decrease sharply, in proportion to the increase in the water content in the soil (Bowers & Smith, 1972; Tolchelnikov, 1974; Vinogradov, 1983) . A further increase in soil water content to full saturation does not bring about any change in spectra levels (Tolchelnikov, 1974; Vinogradov, 1983) or causes their slight increase (Białousz et al., 1978; Cierniewski, 1985 Cierniewski, , 1993 Music & Pelletier, 1986) . The changes in the soil refl ectance curve over these three moisture ranges are explained by the dissimilarity of the forms of water. In the fi rst range, from zero moisture to the hygroscopic capacity, there is only chemically bound water, water vapor and hygroscopic water. In the second one, up to the fi eld capacity, water surrounds soil particles in the form of a fi lm or it fi lls capillaries and small pores. In the third moisture range it has the form of gravimetric water. The drop in soil refl ectance curve with the increase in soil moisture is caused by the increasing proportion of liquid water to air, which is different under refraction and light conductivity (Reginato et al., 1977) .
Modern spectroradiometers allow us to precisely measure soil refl ectance spectra in natural conditions, where soil surfaces are illuminated by direct and diffuse solar radiation, as well as under laboratory conditions, where the surfaces are usually illuminated by one artifi cial light source. Currently, the device most commonly used for it all over the world is the ASD FieldSpec3 spectroradiometer, regarded as a standard tool by the International Union of Soil Science (Viscarra-Rossel, 2008) . This tool enables us to give the abovementioned knowledge a more quantitative character. Having a representative library of soil spectral curves along with analytical results, it is possible to develop regression models for the estimation of the content of soil constituents, i.e.: the soil organic carbon, iron oxides, calcium carbonate and soil textural composition.
The aim of this paper is to show quantitatively how strongly soil surfaces properties can modify the soil refl ectance in the optical domain. Examples related to soils developed from sandy and loamy ground moraine material, which dominate in Poland, were used here. This relation was tested for the majority of soil properties that signifi cantly infl uence their refl ectance features in the optical domain, i.e.: content and composition of soil organic matter, content of calcium carbonate, texture, moisture, as well as soil surface roughness.
Methods

Test area
The research was conducted in a test area located north of Poznań (52.493°N; 16.928°E), within a ground moraine, characterized by a large altitude variations to provide soil samples with a suffi cient differences in organic matter content, as well as soil texture and calcium carbonate content.
During the fi eld campaign, carried out during October 2008, 28 soil samples from depth of 0-20 cm were collected. Their location in the background of the hypsometric map is presented on Fig. 1 .
Physical and chemical analyses
All the collected samples were examined in the laboratory, to test their physical and chemical properties that signifi cantly infl uence their spectral refl ectance. Their textural composition was examined using the hydrometer method. Soil organic carbon (SOC) content was analyzed by Walkley Black's method, and calcium carbonate equivalent was measured by Piper's method. These properties are completed by the color of the air dry soil samples, determined using Munsell Standard Soil Color Charts. Additionally, for two selected samples, the ratio of soil organic matter fractions was determined using an alkali extraction method, recommended by the International Humic Substances Society (Sparks et al. 1996) .
Spectral measurements
The soil material measured spectrally was air-dried, sieved through a 2 mm sieve and poured into black painted Petri dishes of 8 cm in diameter and 0.5 cm in height and then scraped with a ruler to avoid compressing it. The radiation refl ected from the soil samples prepared in this way was measured using an ASD FieldSpec Pro 3 spectroradiometer in ten repetitions per each sample. The spectroradiometer allows fast spectral measurements in the optical region of 350-2,500 nm with spectral resolution of 3 nm and 10 nm under and over 1,000 nm, respectively. Thus, the device provides the radiation data in 366 channels. For the measurement carried out under laboratory conditions, the instrument was equipped with a ContactProbe with own inner light source. A direct contact between this probe and a sample eliminates the atmosphere impact on the refl ectance results of the examined samples. Their refl ectance is expressed as the ratio of the radiation refl ected from a soil sample to the radiation refl ected from the white reference panel, the Spectralon of Labsphere, both measured and illuminated in the same conditions. The laboratory spectral measurements were conducted for all 28 of collected samples.
To obtain an example which demonstrates the infl uence of soil roughness on the soil refl ectance, one from the examined samples was also tested spectrally under fi eld conditions. The fi eld experiment was conducted on 29 th June 2009 under clear sky conditions at the solar zenith angle of about 40°. The spectroradiometer was equipped with a hand probe sensor with a 25° fi eld-of-view. The sensor, looking at the nadir from the height of 1 m, collected the soil radiation, refl ected from its soil circular footprint of 44 cm diameter. 
Spectral analysis
The results of the physical and chemical laboratory analyses, as well as the spectral radiation measurements related to all the collected samples, were compiled into specifi c data sets.
To determine the infl uence of the content of: the organic carbon, clay fraction and calcium carbonate on the shape and the level of the soil refl ectance spectra, three soil samples for each of the soil constituent separately were selected from all the collected data. These three chosen samples were similar in all the numbers characterizing their examined properties except one being analyzed in a given set as infl uencing the soil refl ectance. For example, analyzing the infl uence of the soil organic carbon content, three samples with similar content of the clay fraction and calcium carbonate, but essentially different in the organic carbon content were selected. The infl uence of the organic carbon content on the soil refl ectance was tested in two sets: one that includes soil samples with high organic carbon content and high humic to fulvic organic matter fraction ratio (OM H/F ); another that consists of samples with a small amount of organic carbon and domination of the fulvic fraction. The analysis carried out on these two sets of the samples enables us to notice an infl uence of the soil organic matter composition, too.
To analyze the infl uence of soil water content on the soil refl ectance, two samples that are different in clay fraction content, retaining different amount of water, were selected.
Three different water contents of both samples were analyzed. The soil material of these samples was poured into a 50 cm 3 cylinder with a diameter of 5.5 cm and a height of 3 cm, scraped with a ruler and then placed on a dish with water, where it was completely saturated. The fi rst spectral measurements were taken using the ContactProbe when the samples reached this moisture state, corresponding to the maximum water capacity. The next measurements were carried out after the samples were dried in a drier for three hours, what approximated the fi eld water capacity. The probe measured the soil refl ectance from the inside surface of a sample after cutting it into two pieces. The examined samples were consolidated and weighed to asses their water content. The fi nal spectral measurements were taken for the samples at the minimum water capacity, after they were dried in a drier in 105ºC for 24 h. To precisely asses the water content in a given sample, the sample was weighed twice, before and after the spectral measurement, and results of the weighing were used as their average value.
Results and discussion
The soils of the test area were classifi ed as: Sapric Calcic Histosols Drainic, Cutanic Calcic Luvisols and Cutanic Endogleyic Luvisols, according the WRB2006 (Bednarek et al., 2009 ). The table 1 shows the soil properties of the 15 samples selected for a detailed analysis to determine the content and composition of soil organic carbon the content of mechanical fraction and calcium carbonate, soil water content and soil surface roughness on the soil refl ectance in the optical domain. These samples were chosen from all 28 collected samples.
The places from which the samples were collected are situated between 102 m to 119 m above sea level. The collected soil samples represent a wide range of soil organic content, from about 9% in the lower part of the tested area (P49) to about 1% in its upper part (P06) ( Table 1, Fig. 1 ). The soil samples collected there also differ in the composition of the soil organic matter, expressed by the OM H/F . The soil sample P49, collected from places located lower than 106 m above see level, is characterized by a high OM H/F of 3:1. The soil sample P06, with a lower SOC content, is described by the OM H/F of 1:3. The variation in the calcium carbonate content is similar to the organic carbon content. The highest content of the CaCO 3 was established in the soil samples collected from the lower parts of the area. For the soils of the area located higher, no CaCO 3 content was found. The collected samples provided a wide variation of texture: from soils rich in sand fraction, (P02, P48), through soils with a similar content of silt and clay (P45), to soils of a high content of clay fraction (P40, P47). Two soil samples (P20, P47) were used to fi nd the relation between the soil water content and the soil refl ectance. All the selected samples are characterized by the same Munsell color hue of 2.5YR.
The soil refl ectance spectra presented below are a mean of 10 measurements taken from a particular soil sample. These spectral curves in all analyzed examples are supported by 'ratio spectra', i.e. the spectral curves transformed by dividing a given spectral curve by the curve of the highest refl ectance in a particular set. These transformed spectra express a quantitative infl uence of a specifi c soil property on soil refl ectance and defi ne a spectral range with the strongest infl uence of tested soil property on soil refl ectance. The left Y axis of each chart relates to the refl ectance spectra (solid lines), while the right one refers to the 'ratio spectra' (dashed lines).
The content and the composition of the soil organic carbon
The infl uence of the SOC content on the soil refl ectance is analyzed here using two sets of spectral data. The fi rst set (Fig. 2a) is comprised of soil samples with low content of SOC and higher level of fulvic acid fraction than the hu- composition on soil refl ectance, expressed by the OM H/F . In the analyzed data, a specifi c spectral pattern is observed in the spectral region between 400 nm and 700 nm. If the OM H/F is low the soil spectral curves are concave, while if the OM H/F is high they are convex.
The calcium carbonate content
The higher the CaCO 3 content, the higher the soil refl ectance. A similar rise of the refl ectance level between the presented spectra (P48, P52, P01), caused by almost the same increase of their CaCO 3 content, suggests that this relation is almost directly proportional. The soil refl ectance decreases by 7% in the spectral region over 1000 nm with a decrease of the CaCO 3 content by about 4% (Fig. 3) . The 'ratio spectra', presented in the example below, show a weak infl uence of the CaCO 3 on the soil refl ectance in the region between 550 nm and 700 nm.
The three selected refl ectance spectra (P48, P52, P01) reveal a minor absorption band situated near the wavelength around 2200 nm, such as earlier found by Lagacherie et al. (2008) . mic one and their refl ectance exceeds a level of 0.4 in the short infrared region (SWIR) between 1,300 nm and 2,500 nm. The second set (Fig. 2b) consists of soil samples with a high SOC content and a higher amount of the humic acid fraction than the fulvic one. The soil refl ectance for this data set is higher than 0.3 in the SWIR. The infl uence of the SOC content for both data sets is the most clear in the spectral region from 400 nm to 700 nm. This wavelength region is similar to that determined by Mikhaylova & Orlov (1986) . For the fi rst data set, the increase of the SOC of about 0.5% results in the average drop of soil refl ectance of 25% in the analyzed spectral region (Fig. 2a) .
For the second set, the increase of SOC content of about 1%, generates a decrease of soil refl ectance of about 5% (Fig. 2b) . Thus, a two times higher content of the SOC in soils of a high humic to fulvic organic matter fraction ratio (OM H/F ) causes fi ve times greater decrease of the soil refl ectance in relation to the soils of a low OM H/F.
These two different quantitative relationships between the SOC content to the soil refl ectance clearly reveal the infl uence of organic matter P48 (CaCO3=15.56%) P52 (CaCO3=11.21%) P01 (CaCO3=7.05%) P52 / P48 P01 / P48 Fig. 3 . The spectral refl ectance curves of soil samples similar in all properties except the calcium carbonate (CaCO 3 ) content (solid lines: P48, P52, P01) and the transformed "ratio spectra" (dashed lines: P52/P48, P01/P48) as the effect of dividing of spectra P52 and P48 to a spectra of the highest refl ectance, P48.
The soil clay fraction content
The infl uence of the clay fraction on soil refl ectance is the most evident in the spectral region from 500 to 700 nm (Fig. 4) . The reduction of clay fraction content by 13%, from 37% to 24% between samples P40 and P42, respectively, results in the average drop of spectral refl ectance of about 10% in the analyzed region. The examined relationship is less strict in water absorption bands at 1450 nm and 1950 nm and the spectral range beyond 2000 nm.
The example provided here confi rms the fi ndings of Piech & Walker (1974) , who stated that a decreasing soil particle size in the range of 500-900 nm causes higher soil refl ectance for disturbed soils samples under laboratory conditions. A similar relationship between soil particle size and the soil refl ectance was also reported by Clark (1999) , investigating the refl ectance of rocks and minerals in the entire optical domain.
The soil water content
The maximum water capacity retained by the soil depends on clay fraction content. This dependency is presented in the examples below (Fig. 5) .
The soil sample P47 of a clay fraction content of 40% retains a maximum of 50% of water, while the sample P20, containing 23% of the clay fraction, retains a maximum of 45% of water.
The examples show that soil surface water content strongly infl uence the soil refl ectance. It is clear that the entire spectrum decreases with the increase of the soil water content. Obviously, this relationship is the most noticeable in the spectral regions of 1,450 and 1,950 nm (Stoner & Baumgardner, 1981) . The complete elimination of water content from both fully saturated samples to their dry state causes an about 80% and 90% increase of their soil refl ectance in the spectral region of 1450 nm and 1950 nm, respectively. Excluding these spectral regions, this increase does not exceed 50% and 80% in the near infrared and short infrared spectral regions, respectively. Signifi cant differences in the soil refl ectance occur also at the edges of the analyzed spectral range at 400 nm and 2,500 nm, what is probably an effect of the absorption bands located outside the analyzed spectrum. The assessment of soil water content with the hyperspectral refl ectance measurements in the discussed absorption bands is possible only under controlled laboratory conditions. Under fi eld 
(a) (b)
conditions, the water vapor in the atmosphere affects the soil refl ectance in the both bands, so they must be excluded from the analysis.
The soil roughness
The example below (Fig. 6) does not explain an infl uence of the soil roughness on soil refl ectance but only shows what spectral differences occur between the refl ectance of disturbed soil surface measured under laboratory conditions (P50FL) and the refl ectance of the natural soil surface measured under fi eld conditions (P50RF). The presence of water vapor in the atmosphere affects the soil spectra collected in fi eld measurement (P50RF) in bands centred in 1450 nm and 1950 nm, as well as in a band centred outside the analyzed spectrum, near 2,500 nm. It results in a high noise in those refl ectance spectra regions from which the refl ectance data was removed.
The overall refl ectance of the naturally rough surface (P50RF) is clearly lower than the refl ectance of the disturbed fl at one (P50FL). The soil refl ectance measured under fi eld conditions in comparison to the refl ectance collected under laboratory conditions is lower by about 20% in the range from 400 nm to 700 nm.
Conclusions
The presented soil spectra show quantitatively how strongly the soil refl ectance is modifi ed by the content of the organic carbon, calcium carbonate, clay and water, as well as the roughness in the optical domain. The relationship of the soil refl ectance and a given soil property was tested in sets of soil samples similar in all examined properties except the analyzed one. The analyses were supported by transformed 'ratio spectra', the result of dividing a refl ectance spectra by the spectra of the highest refl ectance in a given set. The 'ratio spectra' provided the information on the spectral region where the infl uence of a given soil constituent is the strongest.
The soil organic matter content affects soil refl ectance mostly in the visible region from 400 nm to 700 nm. The two times higher content of the soil organic carbon in soils of a high humic to fulvic organic matter fraction ratio (OM H/F ) causes fi ve times greater decrease of the soil refl ectance in relation to the soils of a low OM H/F . The soil refl ectance decreases by 7% in the spectral region over 1,000 nm with a decrease of the CaCO 3 content by about 4%. The infl uence of clay fraction content on soil refl ectance is most noticeable in the spectral region from 500 to 700 nm. The reduction of clay fraction content of 13% results in the drop of spectral refl ectance of 10% in the analyzed region. The complete elimination of water content from both fully saturated samples to their dry state causes an increase of about 80% and 90% of their soil refl ectance in the spectral region of 1450 nm and 1950 nm, respectively. Excluding these spectral regions, this increase does not exceed 50% and 80% in the near infrared and short infrared spectral regions, respectively. The soil refl ectance measured under fi eld conditions in comparison to the refl ectance collected under laboratory conditions is lower of about 20% in the range from 400 nm to 700 nm.
